Background/Aims: Ischemic stroke is a major cause of disability and mortality worldwide, while effective restorative treatments are limited at present. Stem cell transplantation holds therapeutic potential for ischemic vascular diseases and may provide an opportunity for neural regeneration. Dental pulp stem cells (DPSCs) origin from neural crest and have neuro-ectodermal features including proliferation and multilineage differentiation potentials. Methods: The rat model of middle cerebral artery occlusion (MCAO) was used to evaluate whether intravenous administration of DPSCs can reduce infarct size and to estimate the migration and trans-differentiation into neuron-like cells in focal cerebral ischemia models. Brain tissues were collected at 4 weeks following cell transplantation and analyzed with immunofluorescence, immunohistochemistry and real-time polymerase chain reaction (RT-PCR) methods. Results: Intravenously administration of rat-derived DPSCs were found to migrate into the boundary of ischemic areas and expressed neural specific markers, reducing infarct volume and cerebral edema. Conclusions: These results suggest that DPSCs treatment may serve as a potential therapy for clinical stroke patients in the future.
Transplanted Dental Pulp Stem Cells Migrate to Injured Area and Express Neural Markers in a Rat Model of Cerebral Ischemia
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Introduction
Ischemic stroke resulting from abrupt interruption of cerebral blood flow represents one of the major causes of disability and mortality worldwide [1] . The central nervous system has limited neuronal regenerative potential in response to stroke. Exploring reparative approaches is a promising field of investigation. Stem cell transplantation provides an alternative strategy for replacing the lost neurons and repairing the damaged tissues. Dental pulp stem cells (DPSCs) are originated from cranial neural crest, have neuro-ectodermal features with stronger proliferation, and exhibit neurogenic, odontogenic, chondrogenic, adipogenic and myogenic differentiation abilities after long term cryopreservation [2] [3] [4] . DPSCs have received much attention in the field of regenerative medicine because of their easy isolation, expansion and storage [5] . Since these cells are applicable for autologous tissue regeneration and cell-transplantation therapies without the risk of an alloimmunization reaction, less ethical issues are involved in their clinical application. For potential use in neurological conditions, DPSCs can secrete neurotrophic factors with neuroprotective effect, enhancing neurogenesis and angiogenesis [6] [7] [8] . Adult human DPSCs may promote blood-brain barrier permeability via expressing vascular endothelial growth factor, also supporting their use in therapy for neurological disorders [9] . In fact, it is suggested that DPSCs may offer therapeutic potentials for neurodegenerative diseases [10] , cranial nerve injury [11, 12] , spinal cord injury, cerebral ischemia and so on. In this study, we evaluated whether intravenous administration of DPSCs can reduce infarct size and estimated the migration and trans-differentiation of transplanted DPSCs into neuron-like cells in a rat model of focal cerebral ischemia.
Materials and Methods

Animals
Pathogen free Male Sprague-Dawley (SD) rats weighing 240-250 g were purchased from the animal center of the second affiliated hospital of Harbin Medical University. The experimental procedures and study design were conducted according to institutional guides for animal experiments approved by the Institutional Animal Care and Use Committees of Harbin Medical University.
Experiment design
Rats were randomly allocated into two groups after middle cerebral artery occlusion (MCAO), i.e., saline group received saline injection 24h after MCAO (n=12) and DPSCs group subjected to DPSCs transplantation 24h after MCAO (n=12). A subset of animals (n=4/group) were allowed to survive for 1 week following MCAO to assess the establishment of the ischemic model. Other animals were allowed to survive 4 weeks after MCAO, with halves of animals subjected to histological (n=4/group) and biochemical (i.e., RT-PCR, n=4/ group) studies, respectively. The 4 week surviving point was chosen considering that this time would allow the transplanted cells to home and possibly integrate in the brain and exhibit putative protective impact on stroke recovery. In addition, pilot study was carried out to familiarize with and establish the model of MCAO, with animals (n=10) sacrificed 24h after MCAO occlusion and brains stained with triphenyltetrazolium chloride (TTC) to visualize the infarct areas.
Isolation, culture, labeling and transplantation of rat derived DPSCs
Dental pulp was harvested from the incisors of 4-week-old male SD rats and was digested with 0.3% collagenase in phosphate-buffered saline. The cells were placed into 75 cm 2 plastic flask and then cultivated in 12 ml of alpha modification of the Eagle's medium (α-MEM), including 10 % fetal bovine serum, 1% penicillin (100 U/ml) and streptomycin (100 mg/ml), at 37°C in humidified atmosphere with 5% CO2. After 72 hours, new culture medium was added and the non-adherent cells were removed. When adherent cells grew to 80% confluency, cells were incubated with 0.25% trypsin and 1 mM ethylenediaminetetraacetic acid at 37°C for 2 minutes. The above prepared passage 3 DPSCs were used for this experiment. To identify and monitor the transplanted cells in the injured regions, noninvasive green fluorescent dye PKH 67 labeling was used. A total of 1 × 10 6 cells DPSCs in 0.5 ml saline was injected into the MCAO rats via tail vein 24 h after the induction of stroke, i.e., a subacute phase of stroke. Equal amount of saline was injected into control rats. All of these procedures were conducted under aseptic protocols. The following measurements were performed four weeks after the DPSCs transplantation or saline injection. 
Induction of focal cerebral ischemia
Focal cerebral ischemia was established through the occlusion of middle cerebral artery (MCAO). Animals were anesthetized by intraperitoneal injection of 10 % chloral hydrate (3.5 ml/100 g). Body temperature was maintained at (37±0.5) °C by using heating lamps during the surgery. A ventral midline incision in the neck was made to expose and isolate the right internal carotid artery (ICA), external carotid artery (ECA) and common carotid artery (CCA) bluntly. The CCA was ligated close to its origin with a 4-0 silk suture, then a 4.0 monofilament nylon suture with a rounded silicone wrapped tip was inserted into the right ICA, and advanced 18-20 mm into the origin of right middle cerebral artery (MCA) until a slight resistance was felt. After 120 min of the occlusion of the right MCA, the 4.0 monofilament nylon suture was removed to allow reperfusion. The sham group received the same procedure except for the occlusion of the right MCA. When the procedures were finished, the incision was sutured and the animals returned to their cages. The induction of brain ischemia via neck dissection and vessel ligation could avoid a major concern for regenerative therapies for CNS diseases caused by intracranial surgery or disruption of the blood brain barrier.
TTC staining
Triphenyltetrazolium chloride (TTC) stain was used to visualize the infarct volume as described previously [13] . At 24h after reperfusion, the brains were rapidly removed on ice, frozen at -20 °C for 25min and cut into five consecutive coronal slices, which were incubated in 1% TTC in 0.1 M sodium phosphate buffered saline (PBS, pH 7.4) at 37 °C for 25 min. In the slices red area represented normal brain tissue and pale area was infarct tissue. All brain slices were photographed with a digital camera, with the total infarct zone ratio for each brain calculated as follows: (left hemisphere area-right non-infarcted area)/ (left hemisphere area*2) [14] .
HE staining
Animals were perfused transcardially with 0.9% saline followed by 4 % paraformaldehyde. The brains were cut into frontal slices and then embedded with paraffin. Paraffin sections were treated with xylene, 100% ethanol for 5 minutes twice, and 95%, 90%, and 80% ethanol each for 3 minutes, stained with hematoxylin for 10-15 minutes, and washed with tap water for 10 minutes. After this, 1% hydrochloric acid alcohol was added for 1 second to visualize the blue color, washed with tap water for 10 minutes and further stained with eosin for 5 minutes. HE stained sections were dehydrated with 80%, 95%, and 100% graded ethanol for 1 minute twice, cleaned with xylene and coverslippered with neutral gum before light microscope examination.
Immunofluorescence Rats were anaesthetized with intraperitoneal injection of 10% chloral hydrate and then perfused transcardially with 0.9% NaCl at 4°C and followed by 4% paraformaldehyde in PBS (pH 7.4). The brains were removed, kept in 4% paraformaldehyde at 4°C overnight and then immersed in 20% and 30% phosphatebuffered sucrose at 4°C until sinking into the bottom. The brains were cut into 35 micron thick frontal sections in a cryostat. After blocking with PBS containing 5% normal goat serum, the frozen sections were incubated with primary antibodies including rabbit anti-β Ⅲ tubulin, rabbit anti-doublecortin (DCX), mouse anti-nestin and mouse anti-neurofilament H (NF-H) overnight at 4°C. The sections were washed three times with 0.1 M PBS, 5 min each time and incubated with rhodamine conjugated anti-rabbit/mouse IgG/IgM (1:400) for 1.5 h at room temperature. The nuclei were stained with 4′-6-diamidino-2-phenylindole (DAPI). Co-localization of PKH 67, neural specific markers and DAPI was conducted by laser scanning confocal microscopy at wavelengths of Alexa Fluor 594 nm (red), Alexa Fluor 488 nm (green) and Alexa Fluor 405nm (blue).
Immunohistochemistry
The rats were deeply anaesthetized at four weeks after cell transplantation by an overdose of 10% chloral hydrate. The rat brains were fixed by transcardiac perfusion with saline, followed by perfusion and immersion in 4% paraformaldehyde in 0.1 M PBS solution (pH 7.4). The sections were then rinsed with Tris buffer and treated with 0.3% H2O2 to block endogenous peroxidase. Following this, the sections were blocked with 10% normal goat serum and 0.1% Triton X-100 in PBS for 30 minutes at room temperature, Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry incubated with rabbit anti-β Ⅲ tubulin, rabbit anti-doublecortin (DCX), mouse anti-Nestin, mouse antineurofilament H (NF-H) overnight at 4°C, with goat anti-mouse or anti-rabbit IgG (1:500) for 1 hour and with an avidin-biotin-peroxidase complex (Vectastain ABC kit) for 1 hour at room temperature. After brief washing in PBS, sections were counterstained with hematoxylin, dehydrated, mounted, then observed and analyzed under a bright-field microscope to determine the number of positive cells in the brain tissues.
RT-PCR analysis RNA was harvested from ischemic brains by using Trizol reagent and reverse transcription was conducted according to conventional protocols. All the primer sequences of neural specific markers were confirmed by established GenBank sequences. The primers were used to amplify the duplicate PCRs, while β-actin was used as a control. Each sample was analyzed in triplicate. Cycling procedures included preincubation at 95°C for 15 seconds, annealing and extension at 57°C for 60 seconds, followed by 95°C for 15 seconds and finally cooling at 4°C for 5 minutes.
Statistical analysis
Data were expressed as the mean ± Standard deviation (SD). P<0.05 was considered statistically significant. All statistical analyses were performed with Graph Pad prism5.0.
Results
Characterization of DPSCs
The DPSCs started to form colonies in 4-5 days and attached to the plate surfaces. DPSCs displayed ramified, triangular, oval and typical fibroblast-like cell morphology and showed high proliferative capacity (Fig. 1) . Around 7 days, adherent DPSCs reached full confluency.
Focal cerebral ischemia animal model TTC and HE staining were used to analyze and verify the focal cerebral ischemia model. White zone in brain tissues represented infarct areas caused by ischemic injury, and red zone represented normal brain tissues (Fig. 2) . Brain infarcts of right hemisphere were induced by the occlusion of middle cerebral artery during the acute phase. Rats in sham group displayed red staining, suggesting no ischemic damage. HE staining showed remarkable decrease of neurons in the ischemic brains. Neuronal arrangement was irregular with vacuoles, eosinophilic cytoplasm and increased gap formation between cells. Inflammatory cells infiltration was detected.
DPSCs reduced cerebral infarct volume
To investigate whether intravenously transplanted DPSCs could decrease infarct volume and cerebral edema in cerebral ischemic models, TTC staining was conducted (Fig. 3) . Therefore, brain edema and neuronal damage was also significantly relieved in DPSCs group compared with saline group.
DPSCs migrate into ischemic areas
The spatial distribution of DPSCs was observed and analyzed following transplantation into the cerebral ischemic models. The grafted green fluorescent dye pre-labeled cells could easily be identified under fluorescent microscope at higher magnification, while the signal could not yield sufficient cellular resolution at low magnification (data not shown). Compared with the saline group, we detected transplanted cells that were colocalized with cell tracker PKH 67, neural specific markers and DAPI under laser scanning confocal microscopy in DPSCs group. PKH 67 have low cytotoxicity and emit green fluorescent signal in vivo. PKH 67 positive cells expressed neural specific markers β Ⅲ tubulin, DCX, Nestin, NF-H, which showed cytoplasm in yellow and DAPI-stained nuclei in blue (Fig. 4) . The cells were almost gathered in the boundary of ischemia brain tissues, and were not detectable in the contralateral hemisphere.
Grafted DPSCs express neural specific markers
Immunolabeling for neural specific markers were used to detect the differentiation activity of DPSCs in the ischemic models. β Ⅲ tubulin, an early neuronal marker, is a constituent of neuronal microtubules and plays an important role in axon growth and in the development of normal brain [15, 16] . DCX, a specific marker of immature neurons [17] , is a valuable alternative marker used to measure the levels of neurogenesis [18] . Nestin, an intermediate filament protein, is expressed in dividing cells during the early stages of development in the central nervous system, peripheral nervous system and in myogenic and other tissues [19] . NF-H is a marker of mature neurons. I m m u n o f l u o r e s c e n c e data suggested that grafted DPSCs express neural specific markers. Immunohistochemistry data illustrated that DPSCs group had more positive signals for neural specific markers compared with saline group (Fig. 5) . Moreover, RT-PCR suggested that the gene expression of neural specific markers was up-regulated in DPSCs group relative to saline group (Fig. 6 ).
Discussion
In this study, rat incisors derived DPSCs were successfully isolated and cultured. Transplanted DPSCs exhibited neuroprotective effect on brain ischemia rats, by reducing the infarct volume and enhancing the neurological function recovery after cerebral ischemic injury. The results of the present study suggest that transplanted DPSCs can survive, proliferate and migrate into and locate around the ischemic areas in a model of MCAO. DPSCs provide a novel platform for ischemic stroke treatment with the most appealing potentials. DPSCs have advantages of less invasive isolation from autologous dental pulp, superior proliferation and inherent propensity to differentiate into neural cells. Intravenous infusion is the gold standard delivery method in the administration of stem cells with the least damage compared with other administration routes such us A large number of PKH 67 labeled cells mainly gathered in the boundary of brain ischemic areas. This distribution pattern suggests that transplanted DPSCs could traverse the blood-brain barrier without the use of a permeabilizer. DPSCs survived, proliferated and migrated towards the injured regions and did not induce teratomas formation. Noninvasive tracing using green fluorescent dye PKH 67 provides an accurate and practical method to track grafted cells in vivo, which can be widely used in the research of cell transplantation therapy.
The mechanism underlying the migration of intravenously transplanted DPSCs to the ischemic lesions remains unclear. Several studies have reported that stem cells mobilization mechanism may involve cytokines, chemokines, and growth factors released at the injured site and hypoxia environment [20] . Stromal cell-derived factor 1 (SDF-1), which is a strong chemoattractant, is widely expressed by a variety of tissues such as the bone marrow, heart, liver, lung, lymph nodes, kidney, and brain [21] . SDF-1 and its receptor CXCR4 play vital roles in the homing of stem cells [22] . Our results illustrated that the groups which received DPSCs had a decreased infarct volume compared with the sham group. Another possible hypothesis is that interaction of DPSCs with the host brain may activate endogenous stem cell to proliferate and self-repair. In addition, DPSCs may attenuate stroke-induced inflammation and improve microenvironment in subcortical regions of the ischemic brains, protecting the Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry brains against ischemia. There are numerous preclinical studies using DPSCs transplantation needed to be investigated for neurological diseases. This beneficial treatment may become an important regenerative therapeutic strategy for clinical stroke patients in the future.
